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Abstract 

We propose the (j,p) reaction as a means of producing possible quasi- 
bound states of u) mesons in nuclei. We use an effective Lagrangian, based 
on chiral SU{2>) symmetry and vector meson dominance, in order to con- 
struct the w-nuclear potential. The contribution of bound u states is 
observable in the missing energy spectra of protons emitted in forward 
direction for several nuclei. 
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The behaviour of vector mesons in the nuclear medium is one of the topics 
which attracts much attention in current nuclear physics. At high temperatures 
(and possibly at extremely high densities), the chiral symmetry of QCD is ex- 
pected to be restored and vector and axial vector mesons become degenerate. At 
moderate densities characteristic of nuclei, one expects to see a downward shift of 
the spectral distributions of vector mesons. QCD sum rules together with current 
algebra considerations Jl], suggest that the first moment of vector meson mass 
spectra should be linked to the "chiral gap" , 4^/^ ~ 1 GeV, and one expects the 
pion decay constant f n to decrease with increasing baryon density, roughly like 
the square root of the chiral (quark) condensate. 

Several studies, mostly concerned with the p meson spectrum and its possi- 
ble implications for dilepton spectra produced in heavy-ion collisions, hint at a 
decrease of vector meson masses in the nuclear medium. The study of QCD sum 
rules in the medium || and the Brown- Rho scaling hypothesis [[| suggest a drop- 
ping of the vector meson masses by approximately 15% at normal nuclear matter 
density. Dynamical studies of the behaviour of vector mesons in the medium 
predict a considerable increase of the p width, but no significant decrease in its 
mass Jl, |, [?]. For the uj meson ||, such models predict a decrease of its mass 
accompanied by a moderate increase of its width, so that the uj appears to be a 
better candidate for in-medium studies than the p. 

The (<i, 3 He) reaction with recoilless kinematics has been proposed in order to 
search for possible rj and uj meson bound states in nuclei || H [TOj] . This reaction 
allows the study of the in-medium behaviour of mesons under well controlled 
conditions, complementary to heavy-ion collisions. 

In this paper we propose the use of the (j,p) reaction in nuclei to explore 
the behaviour of the uj meson in the nucleus. The difference between the (<i, 3 He) 
and (7,p) reactions is that in the latter case, distortion effects are restricted only 
to the proton in the final state. The optimal energies needed to produce the uj 
at rest, around 2.75 GeV in the photoproduction case, are available at several 
experimental facilities such as ELSA in Bonn and Spring8 in Japan. 

In our calculation we have used the model developed in J7|, [11], [L^] to generate 
the (complex) potential experienced by the uj in the nucleus. It is derived using an 
effective Lagrangian which combines chiral SU(3) and vector meson dominance. 
One of the important features of the model is that the self-energy of the uj in 
the medium is strongly energy dependent, in contrast to the calculations of |J, 
where a static potential is used. At nuclear matter density the uj mass is reduced 
by approximately 15 % and its width is increased up to around 40 MeV. Unlike 
the p meson with its prohibitively large in-medium width, the uj has chances of 
being observed as a quasiparticle state in the nucleus. 

Our choice of the kinematic conditions is such that the uj is produced prac- 
tically at rest in the nucleus. Its longitudinal and transverse self-energies are 
therefore nearly the same J7j, and it is justified to work with a single scalar self- 
energy H(E,r). In the local density approximation, the potential that the uj 
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Table 1: Complex energy eigenvalues (see Eqs. (|],[D of an u meson bound to 
several nuclei. 

experiences in the nuclear medium can be expressed as 



II(£,f) = 2EU(E,r) 

= -ReT uN (E)p(?) - i [ET^(E) + lmT uN (E)p(r 

where, Tffl(E) is the free u decay width, and T^n^E) is the energy- dependent 
o;-nucleon amplitude in free space, which we take from 

To evaluate the u bound states one must solve the wave equation with the 
potential fll|), 

E 2 + V 2 -ml- U{E, f)] 0(f) = , (2) 

self-consistently to obtain the (complex) quasi-bound state energies E\. We use 
a two parameter Fermi distribution to describe the nuclear density distributions. 
The quasi-bound u states found for different nuclei are tabulated in Table 1, 
where we have introduced 



E\ = ReE x - m u , (3) 

and the total decay widths 

r A = -2Im£ A . (4) 

One observes that the u is bound even in light nuclei such as 6 He. The widths 
are around 35 ~ 45 MeV. Their origin is primarily the reaction ujN — > ttN in the 
nucleus, as calculated in ref. 0. Although these widths prohibit identifying indi- 
vidual peaks for each state, one should nevertheless be able to observe strength 
at energies below the threshold for quasifree ui production. 
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Figure 1: Values of D(z,b)p(r)/p(0) for the ( r y,p) reaction on 12 C. The reaction 
takes place predominantly at the darker regions. The circle indicates the r.m.s. 
radius of 12 C 



The reaction that we propose in order to detect bound to states is (j,p) on 
nuclei. At an incoming photon energy of around 2.75 GeV, and with the proton 
emitted in forward direction, the u is produced nearly at rest. One can scan the 
contributions of the bound uj states by observing the missing energy spectrum, 
i.e. by measuring the energy of the outgoing proton in the forward direction 
and plotting the differential cross section as a function of E w — m w + \B P \ = 
E 1 + m p — E p — rriu, where E p = m p + T p is the detected energy of the outgoing 
proton, and B p is the binding energy of the bound initial proton. 

In order to evaluate the cross section we use the distorted wave impulse ap- 



proximation method (DWIA) [|T^, 14, [15| . The nuclear ui meson photoproduction 



cross section, with the proton emitted at zero angle, is expressed as 

S(E) . (5) 



V dEdn L n \ dn j 

For the free cross section, da 1+p ^ p+0J /dQ, we take a value of 0.3 pb/sr from 
ref. |T§. 

S(E) is the response function, which takes into account the removal of the 
proton from the nucleus, the binding of the u meson in the nucleus and the 
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distortion of the outgoing proton wave. The following expression holds for S(E): 



21 4- 1 

s(E) = ££iv p ^-(z p ozo|Lo) 2 

jp,lp 

rco poo 

x Im / dr' r' 2 w* L (/) ip* , (r') / dr r 2 w L {r)^ jp i p (r)g t (E-B p ,r',r). 



o ~ ' ' Jp p Jo 



Here ipj p i p (r) is the radial wave function of the initial bound proton, 

gt(E - B p , r', r) = 2tE Ul {k, r<K(fc, r>) (6) 

is the radial Green function of the uj meson for a given angular momentum I, 
expressed in terms of the regular and outgoing solutions of the wave equation 
(0), and 



w L {r) 



J 1 d cos(6)e i( ^-^ )rcose J D(2(e), 6(0))P L (cos 6) , (7) 

with Legendre polynomials P^. The distortion factor D(r) is evaluated using the 
eikonal approximation for the wave function of the outgoing proton: 

^ f (p p ,f) = e- iPpZ D(f). (8) 

This approximation is justified, given that the proton has a kinetic energy of 
1 ~ 2 GeV in our cases of interest. In terms of z — rcosG and the impact 
parameter b, the distortion factor has the form 



D(r) = exp 



a -f fdz' P (z',b) 



(9) 



For the proton-nucleon cross section we have taken a value a P N = 40 mb. Fig. [I] 
shows D(r)p(r)/ p(0) in order to illustrate the "active" zone of the process. One 
observes that the reaction takes place predominantly in the rear hemisphere of 
the nucleus, since the protons are distorted on their way out. In the case of the 
(c?, 3 He) reaction, only the edges of the nuclear surface are actively involved 0, 
because the incoming deuteron and the outgoing 3 He are both strongly absorbed. 
As a consequence, the reduction of the (c?, 3 He) cross section for uo production is 
about 10 times stronger than in the photoproduction case. 

In Fig. H] we show the calculated proton missing energy spectrum for the 
12 C(7,p)u; 11 B reaction with an incoming photon energy of 2.75 GeV. This is the 
energy at which a free to would be produced at rest. Pronounced structures 
coming from different bound u states can be seen below the threshold for quasi- 
free uj production. The figure also shows separately the contributions of two of the 
more prominent combinations of u and proton states. The prominent structure 
seen at E w — + \B P \ ~ 13 MeV is characteristic of u n B with the uj and the 
initially bound proton in p-orbitals, and reflects a threshold effect. 
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Figure 2: Missing energy spectra for the C(7,p)u; B reaction at E~ = 2.75 
GeV. Dotted lines represent the contributions from two particular combinations 
of bound uj and proton-hole states. 



The results for the (7,p) reaction on 40 Ca at E 1 = 1.5 GeV and 2.75 GeV are 
shown in Figs. |3| and (| respectively. In both cases there are important contribu- 
tions coming from the bound uj mesons. For E 1 = 1.5 GeV, a free uj meson would 
have a momentum of around 130 MeV/c, comparable to that in the suggested 
(<i, 3 He) experiments || ||, at = 4 GeV. The cross section at _E 7 = 2.75 GeV 
is slightly higher than at E^ = 1.5 GeV. 

If only the missing energy of the recoiling proton is detected, the spectrum 
of produced quasibound u mesons is expected to sit on a background, the cross 
section of which may be approximately five times as large as the uj meson signal 
itself. This background should be flat, resulting primarily from the (7,p) reac- 
tions leading to p meson and continuum tttt production, with the p meson width 
strongly increased in the presence of the nucleus. Ideally, the background would 
be reduced by detecting a characteristic decay mode of the uj meson together 
with the forward proton. 

We thank Albrecht Gillitzer, Satoru Hirenzaki, Paul Kienle, Eberhard Klempt, 
Berthold Schoch and Hiroshi Toki for helpful discussions. 
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